We have previously reported the successful development of a targeted genetic method for the creation of temperaturesensitive vaccinia virus mutants [D. E. Hassett and R. C. Condit (1994) Proc. Natl. Acad. Sci. USA 91, 4554-4558]. This method has now been applied to the large subunit of the multifunctional vaccinia virus capping enzyme, encoded by gene D1R. Ten clustered charge-to-alanine mutations were created in a cloned copy of D1R. Four of these mutations were successfully transferred into the viral genome using transient dominant selection, and each of these four mutations yielded viruses with plaque phenotypes different from that of wild-type virus. Two of the mutant viruses, 516 and 793, were temperature sensitive in a plaque assay. Mutant 793 was also temperature sensitive in a one-step growth experiment. Phenotypic characterization of the 793 virus under both permissive and nonpermissive conditions revealed nearly normal patterns of viral protein and mRNA synthesis. Under nonpermissive conditions the 793 virus was defective in telomere resolution and blocked at an intermediate stage of viral morphogenesis. In vitro assays of various capping enzyme activities revealed that in permeabilized virions, enzyme guanylylate intermediate formation was reduced and methyltransferase activity was thermolabile, while in solubilized virion extracts enzyme guanylylate activity was reduced and both guanylyltransferase and methyltransferase activities were absent. Thus, the 793 mutation affects at least two separate enzymatic activities of the capping enzyme, guanylyltransferase and methyltransferase, and when incorporated into the virus genome, the mutation yields a virus that is temperature sensitive for growth, telomere resolution, and virion morphogenesis. ᭧ 1997 Academic Press
INTRODUCTION
cessing of vaccinia mRNA (Moss, 1996) . The capping enzyme is a heterodimer, with subunits of 97 and 33 kDa, Vaccinia, an orthopoxvirus, is a large (192-kb) doubleencoded by the D1R and D12L genes, respectively (Guo stranded DNA virus that replicates in the cytoplasm of and Niles et al., 1986 Niles et al., , 1989 Shuman, 1990; infected cells (Moss, 1996) . One consequence of cyto- Morgan et al., 1984) . Biochemical experiments demonplasmic replication is that the virus must encode most of strate that the vaccinia capping enzyme is solely responthe proteins necessary for DNA replication and regulated sible for converting the 5 triphosphorylated end of nagene expression. Vaccinia gene expression is regulated scent viral mRNA to a guanylylated, methylated cap 0 primarily at the level of transcription. During infection, structure (Martin et al., 1975; Ensinger et al., 1975 ; Tutas vaccinia genes are transcribed in a cascade comprising and Paoletti, 1977; Venkatesan et al., 1980) and that it three temporally distinct phases: early, intermediate, and also serves as one of several factors required for termilate. Transcription from each class of genes is modulated nation of early gene transcription (Shuman et al., 1987) by class-specific cis-and trans-acting factors. Early and for initiation of intermediate gene transcription (Vos genes are transcribed by enzymes packaged within the et al., 1991) . In addition, characterization of a temperavirion, a subset of early proteins then act as transcription ture-sensitive mutant in the D12L gene implicates the factors for intermediate genes, a subset of which then capping enzyme in the resolution of viral DNA concataserve as transcription factors for late gene expression. mers late during infection (Carpenter and Delange, 1991; The cascade is completed by the packaging within the Carpenter et al., 1997) . Biochemical experiments have developing virion of the transcriptional machinery begun to dissect the functional subdomain structure of needed for early gene expression.
this enzyme, to determine how a relatively simple strucThe vaccinia virus-coded mRNA capping enzyme plays ture assists in such a complex array of functions. Howa key multifaceted role in regulated synthesis and proever, classical genetic methods have as yet yielded no conditional lethal virus mutants in the D1R subunit the FIG. 1. D1R domain structure and mutants. The amino acid sequence of the D1R protein is shown. Mutants: Ten clustered charge-to-alanine mutations are indicated by numbers written below the sequence. The numbers refer to the first amino acid changed in each mutant. For each mutant, the underlined residues were all changed to alanines. Mutant designations that are italicized and underlined indicate mutations that were recovered in virus. Domains: Regions that when mutated affect only RNA triphosphatase activity are overlined and labeled with a lowercase p. Four conserved sequences common to guanylyltransferases are overlined and labeled with an uppercase G. The active-site lysine at position 260 is indicated with an overhead dot. A conserved methyltransferase sequence is overlined and labeled with an uppercase M. A region that when mutated affects only methyltransferase activity is overlined and labeled with a lowercase m. Residues that when mutated affect heterodimer subunit interaction are italicized.
by the heterodimeric vaccinia virus mRNA capping enet al., 1992 Cong and Shuman, 1992) . Specifically, an isolated amino terminal 60-kDa fragment of D1R, enzyme in three steps:
compassing amino acids 1-545, is fully active in both the (1) pppN(pN) n r ppN(pN) n / P i (RNA triphosphatase), guanylyltransferase and RNA triphosphatase reactions (2) ppN(pN) n / GTP r GpppN(pN) n / PP i (guanylyl- (Myette and Niles, 1996) . D1R mutants have been isotransferase), lated that are defective in either RNA triphosphatase or (3) GpppN(pN) n / AdoMet r Me GpppN(pN) n / AdoHcy guanylyltransferase activity but not both, suggesting that ((guanine-7-)methyltransferase).
the active sites for these activities are separate and that the active site for the RNA triphosphatase is N terminal Significant progress has been made in identifying subdomains of the capping enzyme responsible for each of with respect to the guanylyltransferase activity (Yu and Shuman, 1996; Cong and Shuman, 1995) . Both comparathese reactions (Fig. 1) . The D1R subunit contains the active sites for all three activities. The RNA triphosphative sequence analysis and genetic analysis identify four conserved amino acid sequence domains associated tase and guanylyltransferase reactions can be carried out by D1R protein in the absence of D12L protein; howwith guanylyltransferase activity, and mutation within these domains selectively affects guanylyl transferase ever, full methyltransferase activity has been observed only when the D1R subunit is complexed with the D12L activity (Cong and Shuman, 1995) . One of these domains contains the active-site lysine (Lys-260) which forms a subunit (Shuman and Morham, 1990; Higman et al., 1992; Mao and Shuman, 1994) . The N-terminal two-thirds of covalent enzyme intermediate with GMP during guanylyl transfer (Cong and Shuman, 1993 ; Niles and Christen, D1R comprises both the RNA triphosphatase and guanylyltransferase domains (Higman et al., 1992; Shuman and 1993) . Limited methyltransferase activity can be observed using the isolated carboxy-terminal 346 amino Morham, 1990; , whereas the carboxyterminal one-third of D1R, complexed with the D12L subacids (amino acids 498-844) of D1R, and full methyltransferase activity is observed when this fragment is unit, comprises the methyltransferase domain (Higman complexed with the D12L subunit of the enzyme (Higman (relative to the transcriptional start site) of the D1R gene. Following mutagenesis the mutant D1R genes were subet al., 1994) . The carboxy-terminal D1R subdomain also contains two S-adenosylmethionine (Adomet) photocloned as 2.8-kb PstI-SacI fragments from mutagenized M13mp18D1RNco-into the vector pBSgptB (a gift from crosslinking sites (residues 499-579 and 806-844), and mutations within this domain have been isolated that Dr. P. Turner, University of Florida) cut with PstI and SacI (Turner and Moyer, 1995) . pBSgptB contains the abrogate both D12L subunit binding and methyltransferase activity or methyltransferase activity alone (Mao and Escherichia coli guanine phopshoribosyltransferase gene (ecogpt), a dominant selectable marker, under the Shuman, 1994 .
To date attempts to identify subdomains of the capping transcriptional control of a vaccinia P7.5k early/late promoter inserted into pBSKS/ (Stratagene). The resulting enzyme responsible for early gene transcription termination or intermediate gene transcription initiation have led plasmids, to be used for transient dominant selection, thus contained a mutant copy of D1R inserted upstream to the conclusion that both the D1R and D12L subunits are required for both reactions (Luo et al., 1995; from and in the same transcriptional orientation as the P7.5k promoter-driven ecogpt cassette. The presence of et al., 1996) .
The work described here had two major goals. First, the mutant sequence was confirmed by DNA sequencing using a Sequenase Version 2.0 kit (U.S. Biochemical) we wished to test the generality of a previously described method for targeted in vitro construction of vaccinia virus according to the manufacturer's instructions. In the case of mutant 793, the entire D1R open reading frame was temperature-sensitive (ts) mutants using an unselectable, essential gene. Second, we wished to observe sequenced in the clone to confirm that only the engineered mutations were present. the phenotypic consequences of mutation of the vaccinia capping enzyme. Pursuant to these goals, we have used clustered charge-to-alanine mutagenesis and transient
Transient dominant selection and D1R mutant screen dominant selection to construct a ts mutation in the large subunit of the vaccinia mRNA capping enzyme, and we Transient dominant selection was performed as previously described (Hassett and Condit, 1994; Falkner and have characterized the effects of this mutation on both the enzymatic activities of the enzyme in vitro and the and incubated at 37Њ for 3 days in the presence of MPA.
Cells and viruses
Following transfection, homologous recombination between D1R sequences on the plasmid and the viral chro-BSC40 cells and wild-type vaccinia virus strain WR, mosome generates a recombinant virus that contains a methods for cell culture, wild-type (wt) and mutant virus duplication of the D1R gene punctuated with the P7.5k-growth, plaque titration, one-step growth, and marker ecogpt cassette. Infected, transfected cells were harrescue have been described (Condit and Motyczka, 1981;  vested and plaque titrated on CV1 cells in the presence Condit et al., 1983; Thompson and Condit, 1986 (Dales et al., 1978; Carpenter and Delange, individual plaques, 10 from each original MPA-resistant 1991). plaque, were picked, then screened for temperature sensitivity by replaquing at 31Њ and 40Њ. Individual plaques Mutagenesis and cloning from dishes showing either heterogeneity in plaque size or reduced plaque size in comparison to wild type were Oligonucleotide-directed mutagenesis was performed using the T7-GEN in vitro mutagenesis kit (U.S. Biochemire-plaque purified at 31Њ and grown as described above. The D1R gene from mutant viral DNA was polymerase cal). Mutagenic oligonucleotides, synthesized by the University of Florida ICBR DNA Synthesis Core Laboratory, chain reaction (PCR) amplified, and appropriate selected regions of D1R were sequenced and subjected to restricwere designed to include 12 nucleotides 5 and 9 nucleotides 3 of the mismatched region (Bennett et al., 1991) .
tion enzyme analysis to confirm the presence of the desired mutations (the 126, 326, and 793 mutations create The phage M13mp18D1RNco0 (a gift from Dr. E. Niles, SUNY Buffalo), used as a template for all mutagenesis novel NheI, NotI, and NheI restriction enzyme sites in D1R, respectively, whereas the 516 mutation creates a experiments, has been previously described of 10 PFU per cell and incubated for 24 h at either 37Њ and autoradiography were done as previously described or 40Њ. Intact cells were then embedded in agarose (Condit and Motyczka, 1981) . For pulse-chase experiplugs and digested with XhoI as described previously ments, pulse-labeled cells were washed and incubated (Delange et al., 1995) . Specifically, the plugs were in serum-containing medium for various times, then harbriefly heated at 70Њ to melt the agarose, then cooled vested and analyzed as described above.
to 40Њ and mixed with an enzyme -buffer mixture. Digestions were allowed to proceed for 2 h at 40Њ, and Northern analysis the digested DNA was electrophoresed in a 0.7% agarose gel. The DNA was then transferred to nylon filter Confluent monolayers of BSC40 cells on 100-mm and probed with 32 P-labeled plasmid p1369 (Parsons dishes were infected at a m.o.i. of 15 and incubated at and Pickup, 1990) , which contains a terminal tandem either 31Њ or 40Њ. At various times postinfection, total repeat insert of vaccinia virus. RNA was extracted with guanidinium isothiocyanate and purified through CsCl density gradients (Ausubel et al., Virion purification 1987) . Northern transfer and hybridization were done as previously described (Bayliss and Condit, 1993; Black Purification of vaccinia virus by sedimentation through and . Plasmids used to prepare antisense preformed discontinuous sucrose density gradients was riboprobes specific for the vaccinia virus C11R, G8R, and done as previously described (Joklik, 1962) . Purified viri-F17R mRNA transcripts were a gift from A. Ramsey-Ewing ons were quantified by the Bradford assay (Bethesda and B. Moss, and their construction and utilization have Research Laboratories) and optical density at 260 nm been described elsewhere (Keck et al., 1990; (1 OD 260 Å 64 mg virus). Infectivity of the purified virus al., 1992). Briefly, the plasmids contain 678, 530, and 682 was assayed by plaque titration on BSC40 cells at 31Њ. nucleotides of coding sequence corresponding to the 5
There was no significant difference in either the quantity ends of vaccinia virus genes C11R (early), G8R (intermeor infectivity of the 793 virus preparations compared with diate), and F17R (late), respectively, each inserted into wild-type preparations. the vector plasmid pGEM3ZF (Promega). The plasmids were linearized by restriction enzyme digestion with Virion extract preparation EcoRI (C11R and G8R) or BamHI (F17R) and transcribed Enzyme extracts of purified virions were prepared esin vitro with T7 RNA polymerase (Promega) to generate sentially as described by Rohrman and Moss (1985) . Puriantisense RNA molecules of 316 (C11R), 300 (G8R), or fied virus, 2.25 mg, was suspended in 250 ml buffer A 126 (F17R) nucleotides in length. In vitro transcription [0.1 M Tris-HCl, pH 8.0, 10 mM dithiothreitol (DTT), 250 reactions were performed as described in the Promega mM KCl, 0.2 mM EDTA], adjusted to 0.2% deoxycholate, manual.
and incubated on ice for 30 min with occasional mixing. Insoluble material was removed by centrifugation and Electron microscopy the viscosity of the supernatant was reduced by passage Confluent monolayers of BSC40 cells on 100-mm through a 23-gauge needle. The extract was applied to dishes were infected with either wild type or 793 at a a 0.5-ml column of DEAE-cellulose equilibrated in buffer m.o.i. of 15 and incubated at either 31Њ or 40Њ. At 36 h A, and eluted with buffer A. The flow-through material postinfection the cells were washed with 5 ml of phoswas adjusted to 15% glycerol and stored in small aliquots phate-buffered saline (PBS), then 1.5 ml of 2% glutaraldeat 070Њ. hyde in PBS was added to each dish, and dishes were incubated at room temperature for 60 min with occaCoupled transcription and methyltransferase assay sional rocking. Cells were scraped from the dishes, pelof permeabilized virions leted at 700g for 5 min, resuspended in PBS, then stored at 4Њ before further processing. The cells were collected Methyltransferase activity in permeabilized virions was assayed by measuring transfer of the radiolabeled by centrifugation, postfixed in 1% osmium tetroxide, dehydrated in a graded series of ethanol solutions, and emmethyl group from S-adenosylmethionine to virion RNA synthesized and guanylylated in the same reactions (Gerbedded in Spurr's epon resin mix. Following thin sectioning, the samples were poststained in uranyl acetate showitz and Moss, 1979). Purified virions were preincubated at 30Њ, 35Њ, or 40Њ in 100-ml reactions containing and Reynolds lead acetate. After mounting, the samples 13 mg/ml virus, 0.1 M Tris-HCl (pH 8.5), 0.1% Nonidet Presed on 10% SDS-polyacrylamide gels and the gels were fixed, stained, destained, dried, and autoradio-40, 0.02 M DTT, and 0.02 M MgCl 2 . At various times, 10-ml samples were removed and held on ice until the graphed. Incorporation of label into the 96-kDa D1R protein was quantified by phosphorimaging as described conclusion of the preincubation time course. For the transcription reactions 10 ml of a solution containing 10 mM above. ATP, 2 mM GTP, 2 mM CTP, 0.66 mM unlabeled UTP, Guanylyltransferase assays and 0.2 mCi [ 3 H]UTP (14 Ci/mmol, Amersham) was added to each preincubated sample and reactions were incuGuanylyltransferase activity was measured as debated at 30Њ for 30 min. For methyltransferase reactions scribed by Shuman and Moss (1990) . The substrate, a 10 ml of a solution containing 10 mM ATP, 2 mM GTP, 2 5-triphosphorylated polyadenylate homopolymer apmM CTP, 2 mM unlabeled UTP, and 0.66 mCi S-[
proximately 200 residues in length, was synthesized as adenosyl-L-methionine (15 Ci/mmol, Amersham) was described (Shuman and Moss, 1990) . Varying amounts added to each preincubated sample and reactions were of virion extract were incubated for 60 min at 30Њ or 37Њ incubated at 30Њ for 30 min. Following this incubation, 15 in 20-ml reactions containing 25 mM Tris-HCl, pH 8.0, 2 ml was removed from each reaction and spotted onto mM MgCl 2 , 1 mM DTT, 25 mM GTP, 0.1 mM S-adenosyl-DE81 filters (Whatman). Unincorporated radioactivity was methionine, 1.2 mCi [a-32 P]GTP (3000 Ci/mmol, Amerremoved by washing the filters in 0.5 M Na 2 HPO 4 and sham), and 7 pmol 5-triphosphorylated poly(A) substrate. the filters were analyzed by liquid scintillation counting.
Reactions were precipitated with 5% TCA, the precipiWild-type and 793 transcription and methyltransferase tates were collected on glass-fiber filters, and the filters reactions were normalized to identical reactions carried were analyzed by liquid scintillation counting. out with virions that had not been preincubated and the results expressed as the percentage of activity relative Nonspecific RNA polymerase assays in virion to the nonpreincubated controls.
extracts Nonspecific RNA polymerase activity was assayed in Uncoupled assay of methyltransferase in virion extracts essentially as described by Baroudy and permeabilized virions and virion extracts Moss (1980) . Varying amounts of virion extract were incuMethyl transfer to GTP in permeabilized virions or bated for 45 min at 30Њ or 37Њ in 25-ml reactions conin virion extracts was measured essentially as detaining 50 mM Tris-HCl, pH 8.0, 4 mM MnCl 2 , 2 mM scribed by Shuman and Moss (1990) . Purified virions DTT, 1 mM each ATP, GTP, and CTP, 8 mM [ 3 H]UTP (10 at a concentration of 1.3 mg/ml were preincubated as Ci/mmol, Amersham), and 0.3 mg single-stranded M13 described above. Samples (12.5 ml) of preincubated DNA. Reactions were precipitated with 5% TCA, the previrions were mixed with 12.5 ml of a solution containing cipitates were collected on glass-fiber filters, and the 10 mM GTP and 1 mM S-[
3 H]adenosyl-L-methionine (15 filters were analyzed by liquid scintillation counting. Ci/mmol, Amersham) and incubated at 30Њ for 30 min. Virion extracts were incubated in 25-ml reactions conWestern blot analysis taining 50 mM Tris -HCl, pH 7.5, 1 mM DTT, 10 mM Protein transfer to nitrocellulose following SDS-PAGE GTP, and 1 mM S-[
3 H]adenosyl-L-methionine (15 Ci/ was done according to the method of Towbin et al. (1979) . mmol, Amersham), and reactions were incubated at Polyclonal antiseras for D1R and D12L, kindly provided 30Њ for 30 min. In both cases, portions (20 ml) of each by E. Niles and S. Shuman, respectively, were each used sample were spotted on DE81 filters (Whatman); filters at a dilution of 1:2000. The primary antibody was detected were washed four times with 25 mM ammonium forby using horseradish peroxidase-linked polyclonal antimate, once with water, and twice with ethanol, dried, rabbit antiserum (Amersham) at a dilution of 1:10,000 and and analyzed by liquid scintillation counting.
visualized using an Amersham enhanced chemiluminescence Western blotting kit according to the manufacturAssay of enzyme-GMP (EpG) complex formation in er's instructions. In all cases, several different protein permeabilized virions and virion extracts concentrations were tested to ensure that the Western blot signal was proportional to the amount of test protein The formation of a covalent intermediate between the D1R protein and GMP either in permeabilized virions or analyzed. in virion extracts was assayed essentially as described by Shuman and Moss (1990) . Varying amounts of purified RESULTS virions or virion extract were incubated for 10 min at 30Њ
Construction of D1R mutant viruses in 10-ml reactions containing 50 mM Tris-HCl, pH 8.2, 0.05% NP-40, 5 mM MgCl 2 , 10 mM DTT, and 2 mCi
We used clustered charge-to-alanine mutagenesis and transient dominant selection to create temperature-[a-32 P]GTP (3000 Ci/mmol, Amersham). Reactions were stopped by the addition of 10 ml of twice-concentrated sensitive vaccinia virus mutants that affected the D1R subunit of the capping enzyme. Ten charge clusters scat-SDS-PAGE loading buffer. Samples were electropho-tered throughout the D1R sequence were targeted for mutagenesis (Fig. 1) . Each cluster contained three or four charged residues within a three-to six-amino acid window, and in each case all of the charged residues within a cluster were changed to alanines using oligonucleotide-directed site-specific mutagenesis. These cloned mutations were then inserted into the viral chromosome using transient dominant selection. Specifically, cells infected with wild-type virus were transfected with a plasmid containing a mutant copy of D1R cloned adjacent to the E. coli guanine phosphoribosyltransferase gene (ecogpt) under the transcriptional control of a vaccinia virus early/late P7.5k promoter. During infectiontransfection, homologous recombination occurs between D1R sequences on the plasmid and on the viral chromosome. Integration of the transfected plasmid via a single crossover generates a virus that contains the P7.5k-ecogpt cassette flanked on either side by a wild- mycophenolic acid (MPA). Expression of ecogpt provides all of the viruses within the infected cell with resistance to MPA. During the growth of each MPA-resistant plaque, of the remaining six mutations; therefore, we assume resolution occurs via recombination between the two these mutations confer either wild-type or lethal phenocopies of D1R, resulting in viruses that have lost the types. The plaque phenotypes of the four mutant viruses ecogpt cassette and contain only a single copy of the fell into three distinct classes. At both temperatures, mu-D1R gene. Each MPA-resistant plaque therefore contains tant 126 produced plaques that were distinguishably a mixture of viruses, some of which contain a mutant smaller than wild type. Mutant 126 virus also showed a copy of D1R originally derived from the transfected plasslight (less than 2 log) reduction in titer at 40Њ compared mid, and others that retain a wild-type copy of D1R. Previwith 31Њ. Mutant 326 showed a heterogeneous mixture ous experiments in our laboratory indicate that on averof large and small plaques at both temperatures with no age 11% of the total progeny within each MPA-resistant detectable decrease in titer at 40Њ. Small plaque variants plaque contains the mutation of interest (Hassett and of 326 that were re-plaque purified at 31Њ showed the Condit, 1994) . Five individual MPA-resistant plaques from same heterogeneity in subsequent plaque assays (data each transfection were picked and plaque titrated in a not shown). The mutants 516 and 793 were both temperasecondary assay at 31Њ in the absence of drug to isolate ture sensitive for plaque formation at 40Њ. Mutants 516 individual viruses that had lost the ecogpt gene and now and 793 showed 3 and 7 log reductions in titer, respeccontained either a single wild-type or mutant copy of tively, at 40Њ when compared with 31Њ (data not shown). D1R. Individual plaques from the secondary assay were Interestingly, although the 793 virus is profoundly temperpicked and screened for plaque formation in a tertiary ature sensitive in a plaque assay, the plaques produced assay at 31Њ and 40Њ to identify temperature-sensitive or at 31Њ are the same size as those produced by wild type plaque morphology mutants. For each original transfecvirus at 31Њ. tion, a total of 50 plaques were screened for temperature sensitivity, 10 from each of the 5 primary MPA-resistant One-step growth experiments plaques. This procedure identifies only mutations that in some way alter the plaque phenotype of the virus relative
Because biochemical experiments designed to examine a virus infection in vivo are done at high m.o.i., only to wild type. Lethal mutations do not plaque in the secondary assay and are therefore lost, and mutations that mutants that are temperature sensitive under these conditions are suitable for in vivo biochemical analysis. Oneconfer a wild-type phenotype are passed over in the tertiary assay.
step growth experiments were therefore done to determine if any of the four clustered charge-to-alanine mutant viruses isolated were temperature sensitive for growth Plaque phenotypes of D1R mutant viruses at a high m.o.i. (Fig. 3) . BSC40 cells were infected with either wt or mutant virus at a m.o.i. of 6 and incubated Four of the ten mutant D1R genes yielded viruses that were either temperature sensitive for plaque formation at either 31Њ or 40Њ. Infected cells were harvested at various times after infection and progeny viruses were or that produced smaller plaques than wild type at 31Њ or 40Њ (Fig. 2) . We failed to isolate viruses containing any quantified by plaque titration at 31Њ. Wild type virus grown at 31Њ or 40Њ showed a burst size of between 50 and 100 separated by SDS-PAGE, and detected by autoradiography PFU per cell, with a maximum yield occurring between (Fig. 4) . The normal pattern of viral protein synthesis can be 48 and 72 h postinfection. The mutants 126, 326, and 516 seen most clearly by examination of the wild-type infection produced significantly less virus than wild type at both at 40Њ. The shutoff of host protein synthesis and the appeartemperatures. However, all of these viruses grew at least ance of viral early proteins are evident by 2 h postinfection. as well at 40Њ compared with 31Њ, and therefore none of Labeling of early viral proteins diminishes by 4-6 h postinthese viruses are temperature sensitive for growth in this fection. Labeling of late proteins begins at 4 h and persists assay. The remaining mutant, 793, is clearly temperature up to at least 24 h postinfection. The pattern of protein sensitive for growth in a high-m.o.i. infection. At 31Њ the synthesis in a wild-type infection at 31Њ is slightly delayed burst size of 793 is between 40 and 50 PFU per cell, due to the decreased growth temperature but is otherwise similar to that of wild-type virus, while at 40Њ this mutant identical to that of wild-type infections carried out at 40Њ. In produces no infectious progeny. In summary, after the 793 infections representatives of all three classes of viral screening the 10 clustered charge-to-alanine alleles of proteins are made in similar amounts at both 31Њ and 40Њ. D1R we have identified one mutant, 793, that meets all
In the 793 infections there is a 2-to 4-h delay in the schedule the criteria of a useful ts mutant, warranting further study.
of protein synthesis at both 31Њ and 40Њ compared with wildMutant 793 was therefore subjected to further phenotypic type infections; thus, the 793 mutant is slightly compromised analysis to characterize the defect responsible for temfor gene expression at both temperatures. Since the delay perature sensitivity in vivo.
in protein synthesis in 793 infected cells is similar at 40Њ and 31Њ, it is unlikely that the delay alone accounts for the Synthesis and processing of viral proteins in 793-temperature sensitivity of the 793 virus. infected cells
During the late stages of infection, coincident with virion morphogenesis, several vaccinia virion proteins are As a first test to determine whether the 793 mutation proteolytically processed (Moss, 1996; VanSlyke et al., affected viral protein synthesis or the regulation of viral gene 1991). Processing of virion proteins in wt and 793-inexpression, we assayed the time course of protein synthesis fected cells was assayed using a pulse-chase labeling in infected cells. Cells were infected with wt or 793 virus protocol. In the same experiment described in Fig. 4 , and incubated at 31Њ or 40Њ, and proteins were pulse-labeled at various times postinfection with unlabeled methionine, and at various times after initiation representing the appearance of the processed forms of these proteins, 4a (62 kDa) and 4b (60 kDa). At both 31Њ of the chase, samples were analyzed by SDS-PAGE and autoradiography (Fig. 5) . The most obvious indicator of and 40Њ in wt infected cells, processing of p4a and p4b is evident within 2 h of the initiation of a chase and normal proteolytic processing is the disappearance of two bands of 102 and 72 kDa, representing the precursor continues through 16 h of chase. At 31Њ, protein processing in 793-infected cells is indistinguishable from forms of the major virion proteins p4a and p4b, respectively, and the accumulation of a new band at 60-62 kDa, wt infections. In 793 infections incubated at 40Њ, protein processing may be very slightly delayed as revealed by the 2-h chase time point, but is otherwise indistinguishable from either wild type at 31Њ or 40Њ or 793 at 31Њ.
Viral mRNA synthesis in 793-infected cells
The kinetics of mutant viral mRNA synthesis and the relative quantity and structure of specific early, intermediate, and late mutant viral mRNAs was assessed by Northern blot analysis. Cells were infected with wt virus or 793 and incubated at 31Њ or 40Њ, and total RNA was isolated at various times postinfection. RNA was electrophoresed through formaldehyde-agarose gels, transferred to nylon membranes, and hybridized to well-characterized early (C11R), intermediate (G8R), and late (F17R) gene-specific antisense riboprobes (Fig. 6) . The early gene C11R encodes a 16-kDa vaccinia growth factor, the intermediate gene G8R encodes a 30-kDa late gene transcription factor, and the late gene F17R encodes an 11-kDa DNA-binding virion core phosphoprotein (see Moss, 1996; Keck et al., 1990; Baldick et al., fection and decreases at late times, albeit slower at 31Њ within discrete areas of the cytoplasm known as viral factories or virosomes (Dales and Siminovitch, 1961; Dales and Mosbach, 1968) . Virosomes are recognizable initially as areas of cytoplasm that contain a distinctly low density of normal organelles and presumably contain replicating viral DNA. The first step in morphogenesis is the appearance of a crescent-shaped membrane within and around the viroplasm. The crescent envelopes a portion of the viroplasm, forming a spheroid-shaped immature particle that appears circular in thin section. The immature particle matures into the characteristic brickshaped, intracellular mature virion. To assess viral morphogenesis, electron micrographs were prepared at 36 h postinfection from wild-type and 793-infected cells grown at 31Њ and 40Њ (Fig. 7) . Cells infected with wt virus ally all of the cells infected with 793 at 40Њ contained large amounts of viroplasm, immature particles were seen in only about one-half of the cells and mature partithan at 40Њ. The discrete size of early mRNA results from cles were observed only extremely rarely and then in sequence-specific transcription initiation and terminasmall numbers. A micrograph of one of the cells contion. The hybridization of wt RNA to the G8R and F17R taining immature viral particles is shown in Fig. 7D . probes reveals a smear that ranges in size from approxiThese results indicate that under nonpermissive condimately 0.5 to 4 kb. The intermediate G8R RNA first aptions 793 is at least severely delayed in virion morphopears at approximately 6 h postinfection and the signal genesis and may in fact be blocked at an intermediate decreases in intensity at later times. The late F17R signal stage. appears at 6-9 h postinfection, peaks at a later time than
Telomere resolution the intermediate RNA signal, and persists throughout the 12-h span of the experiment. The smearing of intermedi-
The vaccinia genome is a linear duplex DNA molecule ate and late mRNAs is due to the fact that unlike early featuring 12-kb inverted terminal repeats, numerous transcripts, intermediate and late mRNAs are not termishort direct repeat sequences within the repeats, and nated at discrete sites and therefore possess heterogehairpin ends (Moss, 1996) . Vaccinia DNA is replicated neous 3 ends (Cooper et al., 1981; Mahr and Roberts, as head-to-head, tail-to-tail concatamers that, late during 1984) . Qualitatively the pattern of mRNA synthesis in 793-infection, are resolved to unit-length monomers in a proinfected cells is virtually identical to that of wt infections, cess termed telomere resolution (Delange and McFadand we do not regard the small quantitative differences den, 1990; Traktman, 1990) . Resolution requires late viral observed as significant. Most importantly, there is no gene expression and specific cis-acting DNA sequences obvious effect of temperature on 793 mRNA synthesis within the concatamer junction, but the specific vaccinia compared with wt infections that could readily account genes involved have not been rigorously identified (Defor the inability of the 793 virus to produce infectious lange and McFadden, 1987; Delange, 1989 ; Merchlinsky progeny at 40Њ. It is also noteworthy that the discrete and Moss, 1989a,b; Merchlinsky, 1990 
FIG. 7-Continued
Resolution of poxvirus concatamers into unit-length with the restriction enzyme XhoI, which cuts within the inverted repeat, generates two telomere-containing fragmonomers can be assayed by Southern blot analysis of viral DNA isolated from infected cells (Merchlinsky and ments of 6 kb each. Cleavage of unresolved DNA concatamers with XhoI generates a 12-kb fragment that conMoss, 1989b). Cleavage of a mature monomeric genome tain equivalent amounts of both subunits of the capping enzyme (Fig. 9B) .
Analysis of 793 capping enzyme activities in permeabilized virions
Treatment of purified vaccinia virions with NP40 permeabilizes the particle by removing the outer membrane, but leaves the enzyme-containing core structurally and functionally intact. Permeabilized virions are capable of The virion (guanine-7-)methyltransferase activity was first assayed in a coupled transcription/methyltransfertains the concatamer junction. Total DNA was prepared ase reaction in which guanylylated transcripts syntheat 24 h postinfection from cells infected at either 37Њ sized by virions were transmethylated during synthesis or 40Њ with wild type, 793, or the control virus ts9383. (Gershowitz and Moss, 1979) . Temperature sensitivity of [Infections done at 31Њ with wt, ts9383, and 793 yield the methyltransferase reaction was assessed by preincuresults that are identical to those of 37Њ infections (data bating virions at various temperatures prior to the assay. not shown).] DNA was cleaved with XhoI, electrophoWe controlled for nonspecific temperature-induced damresed through an agarose gel, transferred to a nylon age to the virions by measuring transcription as well as membrane and hybridized to a radiolabeled plasmid that transmethylation. Permeabilized 793 virions were preincontains the concatamer junction (Fig. 8) . The results cubated in the absence of ribonucleotides at either 30Њ, show that in a wt vaccinia infection, all of the DNA is 35Њ, or 40Њ for periods up to 1 h. Samples were removed present in monomeric (hairpin) form at 24 h postinfection at various times during the preincubation and each samat either 37Њ or 40Њ. In cells infected with the control virus ts9383, only monomeric DNA is present at 37Њ, while at 40Њ the majority of telomere DNA is present as dimers, demonstrating an accumulation of concatameric DNA, hence a defect in telomere resolution. Infections with 793 yield results identical to those of ts9383, demonstrating that 793 is temperature sensitive for telomere resolution. This result was confirmed by pulse-field gel electrophoresis of undigested DNAs (Delange, 1989) , which in 793 infections at 40Њ showed a ladder of oligomeric genomes characteristic of resolution-defective mutants (data not shown).
Analysis of the D1R protein in 793 virions and virion extracts
Before proceeding to a biochemical analysis of the D1R protein in the 793 mutant, it was important to determine whether 793 virions and extracts thereof contained normal amounts of the D1 protein. Analysis of a Coomassie blue-stained SDS-polyacrylamide gel of purified ple was then assayed for either methyltransferase or of transcription activity (Fig. 10B) . Preincubation of 793 virions at 30Њ for up to 1 h results in no significant loss transcription activity at 30Њ. Methyltransferase activity was assayed by following the incorporation of radiolaof methyltransferase activity. In contrast, preincubation of 793 virions at 35Њ or 40Њ results in a significant debeled methyl groups from S-adenosylmethionine into acid-insoluble material, and viral transcription was ascrease in methyltransferase activity; after 1 h of preincubation at 40Њ, less than 10% of the control methyltransfersayed by following the incorporation of radiolabeled UTP. The results were normalized to assays done with either ase activity remains. In the coupled transcription/methyltransferase reacwild-type or mutant virions that had not been preincubated (Fig. 10) . The mutant and wild-type thermal inactition described above, successful transmethylation depends not only on efficient transcription, but also on vation profiles for transcription are similar at all temperatures assayed (Fig. 10A) . These results indicate that the guanylylation of the transcribed RNA, which was not measured. We therefore assayed (guanine-7-)methyltranscription apparatus packaged within 793 virions is relatively thermostable and any significant thermolability transferase activity directly and we measured EpG formation as an indication of guanylyltransferase activity. Temassociated with methyltransferase activity is not due to lack of an mRNA substrate. Preincubation of wild-type perature sensitivity of the (guanine-7-)methyltransferase activity in permeabilized virions was measured using a virions at 30Њ, 35Њ, or 40Њ for up to 1 h results in a slow loss of methyltransferase activity which parallels the loss preincubation protocol identical to that described in Figs. presence of Mn 2/
. The results (Fig. 12 ) demonstrated that equal amounts of wt or 793 virion extract contained approximately equal amounts of RNA polymerase activity. Taken together with the Western blot analysis of capping enzyme protein (Fig. 9B) , these results show that extracts of wt and 793 virions were equivalent with respect to protein composition and that enzymes that were tion, the 793 protein displays approximately 13% of the wild-type level of activity. Thus, EpG formation is significantly reduced in the 793 mutant, and interestingly, the 10A and 10B, except that exogenously added GTP was reduction in activity is more pronounced in extracts of used as the methyl acceptor instead of endogenously virions compared with permeabilized virions. synthesized RNA. The results (Fig. 10C) show that wt Extracts of wt and 793 virions were tested for guanylylmethyltransferase activity is stable to preincubation at transferase activity using an assay that measures transtemperatures as high as 40Њ for as long as 45 min. By fer of label from [a-
32
P]GTP to a 5-triphosphorylated pocontrast, 793 methyltransferase activity decreases to 70% ly(A) substrate. Reaction conditions were first optimized of control values within 15 min of preincubation at 30Њ, with respect to time of incubation and substrate concenwhile preincubation of 793 virions at 35Њ or 40Њ results in tration using wt extracts, then varying amounts of wt loss of greater than 80% of the control methyltransferase and 793 extracts were compared for guanylyltransferase activity. These results are consistent with the results of activity in reactions done at both 30Њ and 37Њ (Fig. 13) . The the coupled transcription/transmethylation assay, and results show that the 793 extracts contain no detectable they show clearly that the (guanine-7-)methyltransferase guanylyltransferase activity. activity in 793 virions is thermosensitive.
Extracts of wt and 793 virions were tested for methylTo determine whether any other activities of the D1R transferase activity using the same assay described protein were affected by the 793 mutation, we assayed above, namely, transfer of methyl label from S-adenosylEpG formation in permeabilized virions. Varying amounts methionine to a GTP acceptor. Reaction conditions were of wt and 793 virions were incubated with [a-32 P]GTP at first optimized with respect to time of incubation and 30Њ, and EpG complexes were resolved by SDS-PAGE substrate concentration using wt extracts, then varying and autoradiography (Fig. 11) . Phosphorimage analysis amounts of wt and 793 extracts were compared for methof the complexes shows that per unit mass, the D1R yltransferase activity in reactions done at both 30Њ and protein in 793 virions is approximately 32% as active in 37Њ (Fig 14) . The results show that the 793 extracts conEpG complex formation compared with wt enzyme. Thus, tain no detectable methyltransferase activity. the ability of the 793 D1 protein to catalyze of EpG complex formation in permeabilized virions is significantly reduced relative to wt enzyme.
Analysis of 793 capping enzyme activities in virion extracts
The observation that both EpG formation and methyltransferase activities were compromised in 793 virions raised the possibility that additional properties of the D1R protein were affected by the 793 mutations. We therefore assayed EpG formation, guanylyltransferase, and (guanine-7-) methyltransferase in soluble extracts of purified virions.
To ensure that solubilization of enzymes was equivalent for wt and 793 virions, virion extracts were first as- reactions programmed with single-stranded DNA in the charge-to-alanine mutations to conserved regions within the yeast capping enzyme resulted in an efficient recovery of temperature-sensitive mutations in that system (Schwer and Shuman, 1996) .
It is important to note that we apply stringent and very practical criteria in determining whether a particular vaccinia mutant is useful for extensive study. Specifically, a useful mutant must be temperature sensitive in a highm.o.i., one-step growth experiment, since these are the conditions employed for the in vivo analysis of the mutant. It is particularly noteworthy that plaque assays apparently do not substitute for this selection criterion. In our experiments with the vaccinia gene G2R we found that were temperature sensitive in a plaque assay but not in a one-step growth experiment. The reasons for DISCUSSION these apparent anomalies are not clear, but they serve to emphasize the importance of using the one-step growth The goal of this work was to create a temperatureexperiment as the ultimate screen for temperature-sensisensitive mutant of vaccinia virus that affected the large tive mutants. subunit of the multifunctional vaccinia virus mRNA capping enzyme, to study what effect loss of capping enzyme Biochemistry of the 793 D1R protein function has on the vaccinia virus life cycle. Equally im-
The 793 mutation is in the carboxyl terminus of D1R portant, these experiments were designed to confirm the in a region of the protein previously reported to be regeneral applicability of clustered charge-to-alanine mutaquired for (guanine-7-)methyltransferase activity and digenesis and transient dominant selection as a directed merization of D1R with D12L (Cong and Shuman, 1992; genetic method for the creation of temperature-sensitive Shuman, 1994, 1996 ; Higvaccinia virus mutants. The isolation and in vivo characman and . We therefore anticipated that the terization of the 793-temperature-sensitive virus conmutation would affect the methyltransferase activity of firms that viral mutants amenable to in vivo study can the enzyme. Consistent with this prediction, the methylbe created by applying this directed genetic method to transferase activity present in purified virions is thermovaccinia virus. Surprisingly, despite the fact that the 793 sensitive. Interestingly, solubilization of the enzyme from mutation clearly affected both the methyltransferase and virions results in a preparation that lacks methyltransferguanylyltransferase activities of the capping enzyme, viase activity entirely, even at a low temperature at which ral protein synthesis and mRNA expression all appeared the same enzyme contained in virions is still active. Thus, normal in the 793 infections at 40Њ, while telomere resoluthe ordered structure of the virion core probably stabition and virion morphogenesis were defective.
lizes the conformation of the enzyme at low temperature, Mutagenesis and mutant isolation Published reports concerning isolation of temperaturesensitive mutations in both yeast and viruses using clustered charge-to-alanine mutagenesis led us to expect that approximately 30% of mutations tested would yield temperature-sensitive viruses (Wertman et al., 1992; Diamond and Kirkegaard, 1993) . Our prior experience with the G2R gene of vaccinia was consistent with this expectation: three of nine clustered charge-to-alanine mutations in the G2R gene were temperature sensitive in a one-step growth assay (Hassett and Condit, 1994) . Although we recovered only one useful ts mutant from 10 mutations tested in the D1R protein, our experience dictates that this is still an acceptable rate for use of the and either high temperature or disruption of the core and mRNAs show no obvious defect in stability. Protein synthesis in 793 infections is sluggish at both permissive structure causes the protein to assume an inactive conformation. Such a conformational change may affect the and nonpermissive temperatures, which could indicate a defect in mRNA template activity, but since this defect methyltransferase active site directly, or, since the 793 mutation neutralizes a charge cluster within the D1R-was not specific to the nonpermissive temperature, it does not readily account for the overall temperature sen-D12L interaction domain, the association between the D1R and D12L subunits may be compromised. sitivity of the virus infection. There are two possible explanations for the observaThe 793 mutation affects not only the methyltransferase activity of the protein but also EpG formation and tion that mRNA metabolism is apparently normal during a 793 infection in vivo while the 793 capping enzyme is guanylyltransferase activity. Interestingly, the efficiency of EpG formation is measurably lower in solubilized virion clearly defective in both methyltransferase and guanylyltransferase activities in vitro. First, a cellular enzyme may extracts compared with permeabilized virions. Since EpG formation requires only the D1R protein and not the D12L complement the 793 mutation in vivo. For example, a cytoplasmic (guanine-7)-methyltransferase activity has subunit (Shuman and Morham, 1990; Higman et al., 1992) , this observation supports the idea that the D1R been isolated from HeLa cells, and a similar enzymatic activity in BSC40 cells could compensate for a vaccinia protein itself assumes a less active conformation on solubilization from virions. It is not entirely clear whether capping enzyme defect in vivo (Ensinger and Moss, 1976) . Second, it is possible that the 793 enzyme is somethe observed lack of guanylyltransferase activity, that is, the inability to transfer GMP from EpG to RNA, is a direct how stabilized in vivo or that only a trickle of activity is required to sustain a level of mRNA metabolism and consequence of reduced EpG formation, or if both EpG formation and guanylyl transfer are compromised in the protein synthesis that by our relatively gross measurements appears normal. Given the multiple highly specialsolubilized enzyme. However, guanylyltransferase activity was consistently at or below background levels for ized functions of the vaccinia capping enzyme and the fact that more than one of these activities is defective the assay, whereas EpG formation by the 793 protein was always at least 10% of wt activity, indicating that in in vitro, complementation by a cellular enzyme seems unlikely, and we therefore favor the second hypothesis. fact both EpG formation and guanylyltransferase activities are affected by the 793 mutation.
This conclusion sounds a loud note of caution in interpreting results obtained with viral mutants: the in vivo phenoNumerous published reports show that the guanylyltransferase and methyltransferase activities of the D1R type of a particular mutant may not always provide a clear or accurate representation of the biochemical function of protein occupy discrete and physically separable domains within the protein (Shuman and Morham, 1990;  the gene in question. An important lesson from these experiments, therefore, is that wherever possible multi- Higman et al., 1992 Myette and Niles, 1996) . We therefore expected that any mutation ple alleles from any given gene should be analyzed before drawing firm conclusions about the biochemical role that affected one activity would not necessarily affect the other. In contrast, the 793 mutation affects both the of the gene in vivo.
During the phenotypic analysis of the 793 mutant, the guanylyltransferase and methyltransferase activities. A likely explanation for this observation is that the 793 muonly defects that were observed that might account for temperature-sensitive growth of the virus were deficiencies tation promotes a dramatic conformational change in the D1R protein akin to denaturation, thus affecting active in telomere resolution and in virion morphogenesis. There exist three possible explanations for these observations. sites in widely separated domains. This explanation is supported by the experiments discussed above which First, the inability of 793 to resolve telomeres and undergo morphogenesis at 40Њ could be a pleiotropic effect of the show that solubilization of the D1R protein from virions further damages an already crippled enzyme.
loss of capping enzyme function. Second, the capping enzyme may be directly involved in virion morphogenesis, and this defect may indirectly affect telomere resolution. Third, Phenotype the capping enzyme may be directly involved in telomere resolution, and this defect may indirectly affect virion morBased on the known role of the vaccinia virus mRNA capping enzyme in mRNA capping, early gene transcripphogenesis. Several observations support the first alternative. Previous studies have shown that most of the temperation termination, and intermediate gene transcription initiation, we fully expected that the 793 mutation would ture-sensitive mutants classified as being unable to resolve telomeres under nonpermissive conditions have a correaffect some aspect of viral mRNA metabolism in vivo. To our surprise, however, our analysis of viral protein sponding defect in late viral protein synthesis (Merchlinsky and Moss, 1989b; Delange, 1989) . This observation has led synthesis and transcription revealed no defect in 793 infections that could account for the temperature sensito the conclusion that one or more of the enzymes required for resolution are the products of intermediate or late genes. tivity observed in a one-step growth experiment. Specifically, both the early transcription termination and interLate protein synthesis is clearly required for morphogenesis because structural components of the virion particle are mediate transcription initiation functions remain intact,
